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Abstract

The infrared and Raman spectra were measured forN,N-dimethylpropylamine (DPA) in an argon matrix, the liquid and
glassy states and aqueous solution, and for propyltrimethylammonium bromide (PTAB) in the solid state and aqueous solution.
The ab initio molecular orbital calculations were performed on possible conformers of DPA and propyltrimethylammonium
ion. In an argon matrix, the conformational stability of DPA is in the order G9G . GT . TT, which agrees with the prediction
by ab initio calculations. The experimentally confirmed high stability of the G9G conformer indicates that an appreciably strong
attractive interaction occurs between the methyl hydrogen atom and the nitrogen atom. This interaction may be called the
intramolecular 1,4-C–H…N hydrogen bonding. In the liquid and glassy states, the GT conformer is the most stable. In aqueous
solution of DPA, the GT and TT conformers are more stabilized than in the neat liquid, possibly because of the formation of
more significant intermolecular hydrogen bonds between the nitrogen atom of DPA and water molecules. For PTAB, only the T
conformer exists in the solid state, and this conformer is more stable than the G conformer in aqueous solution. The GG and TG
conformers of DPA and the G conformer of PTAB are significantly less stabilized by steric repulsions between the CH3(N) and
(C)CH3 groups.q 1997 Elsevier Science B.V.

Keywords:Intramolecular C–H…N hydrogen bond; Conformation; Infrared and Raman spectra;N,N-Dimethylpropylamine;
Propyltrimethylammonium bromide

1. Introduction

Intramolecular and intermolecular interactions play
an important role in the structural stabilization of
molecules in many chemical and biological systems.
One of the most important interactions is hydrogen

bonding of the type A–H…B, where A is an atom
such as oxygen and nitrogen being more electro-
negative than hydrogen, and B is an electron donor
such as oxygen, nitrogen and halogens [1–3]. Other
important interactions, which are attractive and may
be regarded as hydrogen bonding, are those of the
types C–H…O and C–H…N. In 1962, Sutor
proposed the existence of a C–H…O hydrogen
bond [4,5]. Taylor and Kennard showed later the
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crystallographic evidence for an intermolecular
C–H…O hydrogen bond and possible existence of a
C–H…N hydrogen bond [6]. Desiraju has further
studied the C–H…O hydrogen bond in crystals [7,8].

The conformational stability of the OC–CC bond
in dialkyl ethers and alcohols has been studied
extensively by experimental and theoretical methods
[9–14]. These studies have shown that the gauche
conformation for this bond is as stable as, or more
stable than, the trans conformation. This conforma-
tional stabilization is explained by an intramolecular
CH…O interaction, which may be called more
specifically the intramolecular 1,4-CH…O inter-
action. Another important interaction is the intra-
molecular 1,5-CH…O interaction, which stabilizes
the gauche–gauche9 conformation of the OC–C–OC
bonds in 1,2-dimethoxyethane and its derivatives
[15–23].

On the analogy of the intramolecular CH…O inter-
action, an intramolecular CH…N interaction is antici-
pated to occur in relevant compounds. To study the
possible existence of the intramolecular 1,4-CH…N
interaction, we have investigated in this work the con-
formational stability of N,N-dimethylpropylamine
(DPA), (CH3)2NCH2CH2CH3, by infrared and
Raman spectroscopy and ab initio molecular orbital
(MO) calculations. The conformation of a structurally
related compound, propyltrimethylammonium bromide
(PTAB), Br(CH3)3NCH2CH2CH3, was also studied
for comparison.

2. Experimental

DPA was prepared by mixing dimethylamine with
sodium hydrogencarbonate and 1-bromopropane [24].
The product was purified by distillation and the purity
was checked by gas chromatography. PTAB was
prepared by reacting trimethylamine in ethanol with
1-bromopropane [25]. The product was recrystallized
from a mixture of dried ethanol and diethyl ether.
PTAB was treated in a dry box purged with nitrogen
gas, because this material was highly hygroscopic.

The infrared spectra were measured for DPA in an
argon matrix and the liquid state and for PTAB in the
solid state. The spectra in the liquid state and the solid
state (Nujol mull) were recorded on a Nicolet Impact
400 infrared spectrometer using a DTGS detector by

co-addition of 200 scans at a resolution of 1 cm−1. The
matrix-isolation infrared spectra were recorded on a
JEOL JIR-40X Fourier transform spectrophotometer
equipped with a TGS detector by co-addition of 100
scans at a resolution of 1 cm−1. Mixed gas of Ar/DPA
= 1000 was slowly deposited onto a CsI plate kept at
11 K by an Iwatani CryoMini D105 refrigerator.

The Raman spectra were measured for DPA in the
liquid and glassy states and in 30% aqueous solution,
and for PTAB in the solid state and in 30% aqueous
solution on a JEOL JRS-400D spectrophotometer
with an NEC GLG3200 argon ion laser. The Raman
spectra of DPA in the glassy state were measured for
the sample contained in an ampoule held on a copper
block cooled with liquid nitrogen.

3. Calculations

Ab initio MO calculations were performed on DPA
and propyltrimethylammonium (PTA) ion by the
restricted Hartree–Fock method using the 6-31G**
basis set. The energies, molecular geometries and
vibrational wavenumbers were calculated for all of
the possible conformers of these compounds. The cal-
culated wavenumbers were scaled by a factor of 0.93
in the region below 1030 cm−1 for DPA or below
1040 cm−1 for PTA and by a factor of 0.90 in the
region above 1030 or 1040 cm−1 up to 1500 cm−1,
where the vibrations are associated primarily with
the methyl and methylene deformations. These values
of the scale factor were chosen in the light of the
results of the calculations onn-pentane andn-hexane
[26]. The computation in this work was carried out
with the GAUSSIAN 94 program [27] at the Informa-
tion Processing Center of Hiroshima University. The
input data for GAUSSIAN 94 were prepared by a
molecular modeling and molecular graphics program,
MOLDA for Windows [28].

4. Results and discussion

4.1. Energies of conformers

Table 1 gives the relative energies and the skeletal
torsion angles for five possible conformers of DPA
and two possible conformers of PTA ion, along with
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the number of the gauche conformation for the
CH3N–CH2CH2 bond and other important conforma-
tions involved. The structures of these conformers are
shown in Fig. 1. For DPA, the three conformers with
gauche9–gauche (G9G), gauche–trans (GT) and
trans–trans (TT) around the LN–CH2–CH2CH3

bonds, where L denotes the lone pair, are more stable
than the gauche–gauche (GG) and trans–gauche (TG)
conformers by roughly 3 kcal mol−1. For PTA, the
trans (T) conformer is more stable than the gauche
(G) conformer by 3.4 kcal mol−1. The much higher
energies for the GG and TG conformers of DPA and
the G conformer of PTA are obviously associated with
strong steric repulsions between the CH3(N) and
(C)CH3 groups, which are close to each other owing
to the gauche9–gauche conformation for the CH3N–
CH2–CH2CH3 bonds.

It is noteworthy that the G9G form is the most stable
conformer of DPA. The origin of this high stability is
explained by peculiar conformational dispositions,
involved only in this form, of the lone pair on the
nitrogen atom and the (C)CH3 group; namely, they
are in the gauche9–gauche conformation. This
conformational disposition leads to proximity of the
nitrogen atom and one of the hydrogen atoms of the

(C)CH3 group. The ab initio calculations in fact give a
nonbonded distance between this hydrogen atom and
the nitrogen atom to be 2.76 A˚ which is close to a sum
of the van der Waals radii of these atoms, 2.7 A˚ . These
results indicate that an appreciably strong attractive
interaction occurs between the methyl hydrogen atom
and the nitrogen atom separated by three carbon
atoms. This interaction may therefore be called the
intramolecular 1,4-C–H…N hydrogen bonding. It is
also noted that the length of the C–H bond involved in
this interaction is shorter than the length of the normal
C–H bonds; namely, the calculated length for the
interacting C–H bond in the G9G conformer is
1.0833 Å, while the lengths for other C–H bonds in
the same methyl group are 1.0861 and 1.0868 A˚ .
This is the same structural tendency as found for
the 1,4-CH…O interaction [14] and the 1,5-CH…O
interaction [29].

The difference in the conformational stability
between the GT and TT conformers of DPA, both of
which have the trans NCH2–CH2CH3 bond, is due to
the different number of the gauche conformation for
the CH3N–CH2CH2 bond involved in the respective
conformers. The difference in the conformational
stability between the GG and TG conformers is also
explained by the different number of the gauche
conformation for the CH3N–CH2CH2 bond.

4.2. Spectral analysis and conformation of
N,N-dimethylpropylamine (DPA)

The Raman spectra of DPA in the liquid and glassy
states and in aqueous solution are shown in Fig. 2. The
observed wavenumbers and approximate relative
intensities are listed in Table 2, where the calculated
wavenumbers and intensities for the most stable three
conformers, G9G, GT and TT, are also given. The
assignments of the observed bands to the particular
conformers are almost straightforward owing to the
accurate results of the calculations. The crystalline
solid state of this compound was not obtained in
spite of several attempts by different methods, pos-
sibly because of the crystallization competition
between the two equally stable conformers, G9G and
GT, in the low-temperature liquid.

The spectra in Fig. 2 indicate that some of the bands
change their intensities when going from the liquid
state to the low-temperature glassy state. The bands

Fig. 1. Structures of five possible conformers ofN,N-dimethyl-
propylamine (DPA) and two possible conformers of propyl-
trimethylammonium (PTA) ion. The dashed arrow indicates an
intramolecular C–H…N hydrogen bond.
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that increase their intensities are those at 487, 842,
916, 1043, 1057, 1167, 1261 and 1303 cm−1. These
bands, except for the bands at 1057 and 1303 cm−1,
are assigned exclusively to the GT conformer, and the
1057 and 1303 cm−1 bands are assigned primarily to
this conformer (Table 2). Most of the bands observed
for this compound in the liquid and glassy states are
assigned consistently to the GT and G9G conformers.
The bands that are assigned exclusively to the G9G
conformer are observed at 744, 837 and 880 cm−1.
The weak bands at 823 and 889 cm−1, whose intensi-
ties decrease in going from the liquid state to the
glassy state, are assigned to the TT conformer. No
bands are observed that are assignable to the GG
and TG conformers. From the spectral assignments
and the observed intensity behavior discussed above,
it is shown for DPA that the three conformers are
present in the liquid and glassy states with their rela-
tive stabilities in the order GT. G9G . TT.

Comparison of the Raman spectrum of DPA in the
liquid state with that in aqueous solution shows that
the bands due to the GT conformer at 487, 1043, 1057
and 1303 cm−1 and those due to the TT conformer at
823 and 889 cm−1 increase in their intensities in
aqueous solution, but the bands due to the G9G con-
former at 744, 837 and 880 cm−1 decrease in aqueous
solution. These observations indicate that the GT and

TT conformers are more stabilized and the G9G con-
former is less stabilized in aqueous solution than in
the neat liquid.

The infrared spectra of DPA in an argon matrix are
shown in Fig. 3. The observed wavenumbers and rela-
tive intensities are given in Table 2. Most of the bands
observed immediately after the sample deposition at
11 K are associated with the G9G and GT conformers.
Of these, the bands at 745, 831, 878, 1043, 1062 and
1162 cm−1, which are all assigned to the G9G con-
former (Table 2), obviously increase in their intensi-
ties relative to other bands on the annealing of the
matrix. This intensity behavior indicates that the
G9G conformer is the most stable in the matrix,
since the annealing process induces a transformation
of less stable conformers trapped in the matrix at
lower temperatures into the most stable conformer.
Examination of the observed band intensities shows
that the predominant conformers present in the matrix
are G9G and GT, but a small amount of the TT
conformer is also present in the matrix, as a band at

Fig. 2. Raman spectra in the region below 1600 cm−1 of N,N-
dimethylpropylamine (DPA): (a) the liquid state at 295 K, (b) the
glassy state at 80 K and (c) aqueous solution at 295 K.

Fig. 3. Infrared spectra in the 700–1500-cm−1 region of N,N-
dimethylpropylamine (DPA) in an argon matrix (Ar/DPA= 1000)
with successive annealing: (a) immediately after the deposition at
11 K, (b) after the annealing at 29 K for 5 min and (c) after the
annealing at 38 K for 5 min.

223K. Ohno et al./Journal of Molecular Structure 435 (1997) 219–228
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728 cm−1 is assigned to this conformer. No bands,
which may be assigned to the GG and TG conformers,
are observed in the spectra. The conformational stabil-
ity of DPA in an argon matrix is accordingly in the
order G9G . GT . TT.

The experimental conformational stabilities of
DPA evaluated from the spectral analysis for the
liquid and glassy states, aqueous solution and an
argon matrix are now discussed by comparing with
the results from the ab initio MO calculations. Since
the results for the matrix represent the conformational
stabilities of isolated molecules, they can be com-
pared directly with the theoretical results. The experi-
mental order of the conformational stabilities, G9G .
GT . TT, agrees with the prediction by the ab initio
calculations. The high stability of the G9G form is

explained, as mentioned before, by the formation of
an intramolecular hydrogen bond between the hydro-
gen atom of the (C)CH3 group and the nitrogen atom.
The present spectroscopic finding, as combined with
the theoretical interpretation, thus evidences the exis-
tence of the intramolecular 1,4-C–H…N hydrogen
bond. The predominant existence of the two confor-
mers, G9G and GT, in the matrix is consistent with the
calculated small energy difference (0.07 kcal mol−1)
between these conformers.

In the liquid and glassy states, the GT conformer is
the most stable. The high stability of this form may
arise from the formation of intermolecular hydrogen
bonds between the hydrogen atoms of the CH3(N)
group and the nitrogen atom of other molecules. In
aqueous solution, the GT and TT conformers are more

225K. Ohno et al./Journal of Molecular Structure 435 (1997) 219–228



stabilized, but the G9G conformer is less stabilized,
than in the neat liquid. This conformational behavior
in water may be explained by the formation of more
significant hydrogen bonds between the nitrogen atom
of DPA and water molecules. In aqueous solution, the
effect of this O–H…N hydrogen bond should be
strong enough to convert the G9G conformation stabil-
ized by the intramolecular C–H…N hydrogen bond
into other conformations such as GT and TT. The
effect of the hydrogen bonding with water is observed
in the spectra as a large wavenumber shift of the band
at 391 cm−1 in the neat liquid to 421 cm−1 in aqueous
solution (Fig. 2 and Table 2). This band is, according
to the calculated results, associated primarily with the
skeletal deformation vibration, in which the nitrogen
atom is involved.

4.3. Spectral analysis and conformation of
propyltrimethylammonium bromide (PTAB)

The Raman spectra of PTAB in the solid state and
in aqueous solution are shown in Fig. 4, and the
observed and calculated wavenumbers and intensities
are given in Table 3. The infrared spectrum in the
solid state has been reported previously [25];
the present spectrum agrees with the previous one.
The calculated results indicate that most of the wave-
numbers for the T and G conformers are similar.
The bands assigned only to the T conformer are
those at 754, 764 and 948 cm−1 in the Raman spec-

trum in the solid state. In aqueous solution, an
additional weak, but well-defined band is observed
at 697 cm−1 in the Raman spectrum. This band is
assigned to the symmetrical N–C stretching vibration
of the (CH3)3NCH2 group in the G conformer. The
counterpart vibration for the T conformer is promi-
nently observed at 761 cm−1 in aqueous solution.
These spectral observations, in conjunction with the
calculated conformational energies (Table 1), indicate
that only the T conformer exists in the solid state, and
the T and G conformers coexist in aqueous solution.

To study the conformational stabilities of the T and
G conformers in aqueous solution, the enthalpy
difference between these conformers was evaluated
from the relative Raman intensities of the 761- and
697-cm−1 bands at different temperatures. The
enthalpy difference,HG − HT, was evaluated to be
2 kcal mol−1, which implies that the abundance of
the G conformer is 10% at 323 K. This result is con-
sistent with the abundance of 12% obtained by NMR
for D2O solution of PTAB at the same temperature
[30]. The smaller energy difference for aqueous
solution than the calculated result for PTA (3.4 kcal
mol−1) may be explained by the effect of possible
intermolecular interactions in the solution.

5. Conclusions

The vibrational spectroscopic measurements and
the ab initio MO calculations have clarified the

Fig. 4. Raman spectra in the region below 1600 cm−1 of propyltrimethylammonium bromide (PTAB): (a) the solid state at 295 K and (b)
aqueous solution at 295 K.
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conformational stabilities of DPA and PTAB in
various states. In an argon matrix, the conformational
stability of DPA is in the order G9G . GT . TT,
which agrees with the prediction by ab initio calcula-
tions. The experimentally confirmed high stability of
the G9G conformer indicates that an appreciably
strong attractive interaction occurs between the
methyl hydrogen atom and the nitrogen atom. This
interaction may be called the intramolecular 1,4-C–
H…N hydrogen bonding. In the liquid and glassy
states, the GT conformer is the most stable due pos-
sibly to the formation of intermolecular C–H…N
hydrogen bonds. In aqueous solution of DPA, the
GT and TT conformers are more stabilized than in
the neat liquid. This conformational behavior of
DPA in water may be explained by the formation of
more significant intermolecular hydrogen bonds
between the nitrogen atom of DPA and water mole-
cules. For PTAB, only the T conformer exists in the
solid state, and this conformer is more stable than the
G conformer in aqueous solution. The GG and TG
conformers of DPA and the G conformer of PTAB
are significantly less stabilized by steric repulsions
between the CH3(N) and (C)CH3 groups.
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